Background: Two-pore channels (TPCs) are part of the NAADP-receptor complex, but how and whether they dimerize are unclear. Results: Human TPCs form homo-and heteromeric complexes. Conclusion: Multimerization can regulate function and localization of TPCs. Significance: Multimerization of TPCs is likely to affect fusion events in the endolysosomal system, disturbances of which can lead to the development of lysosomal storage diseases.
gated ion-conducting channel components (1) (2) (3) . Many organisms express three isoforms (TPC1, TPC2, and TPC3), although humans, rats, and mice express only TPC1 and TPC2 (4 -6) . All isoforms are localized on organelles of the endolysosomal system: TPC1 is localized on a wide range of vesicles (early, recycling, and late endosomes, as well as lysosomes), whereas the vast majority of TPC2 is restricted to late endosomes and lysosomes. The distribution of TPC3 is less well characterized. It has been found on recycling endosomes, late endosomes, and lysosomes and on other unidentified endosomes (1, 6 -9) . Thus, the three isoforms of TPCs show distinct localization patterns, although the possibility of coexpression on some late endosomes and lysosomes remains.
It has been shown that TPCs have homologies to voltagegated calcium channels (VGCCs) and to both the transient receptor potential (TRP) channel superfamily and cation channel of sperm (CatSper) (8 -11) . Single VGCC ␣-subunits have 24 transmembrane domains (TMDs) and form functional channels (12) . In contrast, TRP and CatSper channels have six TMDs and combine as tetramers containing 24 TMDs to form a functional channel (13, 14) . TPCs are predicted to have 12 TMDs, and assuming that the functional TPC again needs 24 TMDs, the dimerization of the channel is predicted (15) .
Many ion channels form heteromers, which show altered characteristics compared with the homomeric counterparts, thus allowing a cell to expand its repertoire of channels in signaling pathways (13, 14, 16) . Mutations that inhibit the heteromerization can result in mislocalization and lack of channel function (17) (18) (19) (20) . Heteromerization of human TPCs has so far not been studied. Here, we present results from co-immunoprecipitation (co-IP) and FRET studies that indicate that human TPCs form both homo-and heteromers. This heteromerization was confirmed by MS analysis.
EXPERIMENTAL PROCEDURES
Vector Construction-IMAGE cDNA clones were obtained (Source BioScience) for both human TPC1 (IMAGE clone 40148827, accession number BC150203) and TPC2 (IMAGE clone 5214862, accession number NP620714.2) and subcloned into pcDNA5/TO expression vectors (Invitrogen) with C-terminal HA or mCherry tags. For the FRET constructs, TPC1 and TPC2 were subcloned into pECFP and pEYFP expression vectors (C-and N-terminal forms; Clontech). Insertion of TPC cDNA was done by the In-Fusion protocol (Clontech), and HA and mCherry tags were inserted by conventional subcloning. All primers and restriction enzymes used are listed in supplemental Table S1 . Constructs were verified by sequencing.
Cell Culture and Transfection-HEK293T cells were maintained in DMEM supplemented with 10% (v/v) FBS (Biosera), 2 mM glutamine, 100 units/ml penicillin, and 100 g/ml streptomycin (Invitrogen). In addition, the medium for the HA-TPC2 stable HEK293 cell line contained 200 g/ml Geneticin (Invitrogen). Cells were kept at 37°C in a humidified incubator supplied with 5% (v/v) CO 2 . Cells were plated on poly-D-lysine-coated coverslips 24 h before transfection. Plasmids were transfected for 24 -48 h at a concentration of 20 g/ml using jetPEI (Qbiogene) according to the manufacturer's instructions.
Immunoprecipitation-Membranes were prepared as described (7) . Membrane pellets were resuspended to 1 mg/ml in immunoprecipitation (IP) buffer (150 mM NaCl, 20 mM HEPES (pH 7.2), and 1% CHAPS). After incubation for 1 h at 4°C with agitation, the mixture was ultracentrifuged (50,000 ϫ g, 30 min, 4°C) to pellet all insoluble contaminants. Specific antibodies (or non-immune serum/purified non-immune IgGs as a control) were covalently coupled to either protein A or G beads (Sepharose (GE Healthcare) or Dynabeads (Invitrogen)) using dimethyl pimelimidate as a coupling agent and added to the precleared solubilized membranes. The mixture continually agitated for 1 h at room temperature or overnight at 4°C. Following removal of the supernatant, the beads were washed with IP buffer.
SDS-PAGE/Immunoblot Analysis-This was performed as described (7) . Rat anti-HA mAB (clone 3F10; Roche Applied Science), HRP-conjugated rabbit anti-GFP polyclonal antibody (Santa Cruz Biotechnology sc-8334), rat multi-red 5F8 mAB (21) , and mouse anti-DsRed mAB (Clontech 632392) were used for IP and detection. Antibodies against TPC1 and TPC2 were custom-made by immunizing rabbits with peptides corresponding to residues 776 -792 and 798 -816 of human TPC1 and residues 240 -254 and 408 -422 of human TPC2.
Mass Spectroscopic Analysis-The immunocomplexes purified from HA-TPC2 cell membranes using the anti-HA antibody and rat IgG as a control were trypsin-digested and analyzed via LC-MS/MS. The threshold for inclusion was p Ͻ 0.01 and a Mascot score of Ͼ60.
Immunofluorescence Staining-This was performed as described (7) .
FRET Analysis-Cells were transfected with a combination of the following FRET constructs: 1) N-terminally tagged YFP.TPC1, cyan fluorescent protein (CFP).TPC2, and YFP.TPC2 and 2) C-terminally tagged TPC1.CFP, TPC1.YFP, TPC2.CFP, and TPC2.YFP. 48 h post-transfection, cells were fixed with 2% paraformaldehyde, mounted with ProLong Gold antifade reagent (Invitrogen), and observed on the same microscope as for the immunofluorescence with the following excitation/emission parameters: CFP (457 nm)/Meta-Head (473-612 nm); YFP (514 nm)/band pass (530 -600 nm); and FRET channel (457 nm)/long pass (Ͼ505 nm). Bleed-through into the FRET channel was 0.25 Ϯ 0.11Ϯ from the CFP and 0.18 Ϯ 0.04Ϯ from the YFP. Transfected cells were selected, and fluorescence was measured. After subtracting the bleed-through of the respective channel, the normalized FRET ratio was calculated as described (22) .
RESULTS

Can Human TPCs Form Homomeric Complexes?-To test
whether TPCs form homomeric complexes, we generated HAand mCherry-tagged constructs of both TPC1 and TPC2. We coexpressed TPC1.mCherry and TPC1.HA and performed IPs with antibodies against HA, mCherry, and TPC1. We probed the immunoblots with antibodies against either HA or mCherry (Fig. 1A) . Using the anti-HA antibody, we immunoprecipitated TPC1.HA (Fig. 1A, upper left panel) . In addition, we also detected a band when probing an immunoblot from the anti-HA IP with the anti-mCherry antibody, indicating a co-IP of TPC1.mCherry with TPC1.HA (Fig. 1A , lower left panel). Similarly, when using an antibody against mCherry for the IP, we detected a band probing with the anti-HA and antimCherry antibodies, again indicating a positive co-IP of the differently tagged TPC1 constructs (Fig. 1A , middle panels). In addition, when using an antibody against human TPC1, we could immunoprecipitate TPC1 carrying both tags (Fig. 1A , right panels). We performed the same IPs in cells coexpressing TPC2.mCherry and TPC2.HA (Fig. 1B) and again found that all antibodies immunoprecipitated both tagged TPC2 proteins, showing that they form homomers. The specificity of the IPs was confirmed by using control IgGs or sera; these did not immunoprecipitate any TPCs. We also tested that the constructs were expressed at their expected full-length by immunoblotting (data not shown). This shows for the first time that human TPC1 and TPC2 both form homomers.
Can Human TPCs Form Heteromeric Complexes?-We next tested whether human TPCs are also capable of forming heteromers by coexpressing TPC1.HA and TPC2.mCherry. Using the anti-HA antibody for the IP, we detected immunoprecipitated TPC1.HA (Fig. 1C, upper left panel) and TPC2.mCherry (lower left panel) on the immunoblot, showing that both coimmunoprecipitate and form heteromers. This result was confirmed by repeating the IPs in cells coexpressing the alternatively tagged TPCs: mCherry-tagged TPC1 and HA-tagged TPC2 (Fig. 1D) . Interestingly, not only antibodies against the tags were able to immunoprecipitate the TPC heteromers but also antibodies against TPC1 and TPC2 sequences. When using an anti-TPC2 antibody for the IP, both TPC1.HA and TPC2.mCherry could be detected in the immunoprecipitated eluate (Fig. 1C, right panels) , whereas when using an anti-TPC1 antibody for the IP, TPC2.HA and TPC1.mCherry were present on the immunoblot (Fig. 1D, right panels) .
To confirm the formation of TPC heteromers, we performed IPs in a cell line stably expressing HA.TPC2, which we used previously to study NAADP responses in Ca 2ϩ imaging and lipid bilayer experiments (1, 23) . By IP via the HA tag, we found both TPC2 and endogenous TPC1 in the immunocomplex, whereas they were not present in the IgG control (supplemental Fig. S1, A and B) . This interaction between the two human TPC isoforms was further confirmed by performing analysis of the immunopurified complex, which showed the presence of both TPC1 (two unique peptides and Mascot score of 127) and TPC2 (two unique peptides and Mascot score of 72) (Coomassie Blue-stained gel in supplemental Fig. S1C ). This is the first evidence that TPCs can form heteromers.
Do Human TPC1 and TPC2 Co-localize on the Same Vesicles in a Living Cell?-To test whether the two isoforms of human TPCs co-localize in vesicles of the endolysosomal system, we used the same constructs as described above. First, we confirmed the expected subcellular localization of TPC1.mCherry and TPC2.mCherry by cotransfecting them with various GFPtagged organelle markers (supplemental Fig. S2, A and B) . Using Pearson's co-localization coefficient, we found a co-localization of TPC1.mCherry with recycling endosomes, as well as with late endosomes and lysosomes. In contrast, there was no good co-localization of TPC1.mCherry with early endosomes or with the endoplasmic reticulum (ER) (supplemental Fig.  S2A ). In contrast, TPC2.mCherry showed a very good co-localization with late endosomes and lysosomes. It also overlapped to a certain degree with recycling endosomes, whereas it showed no overlap with either early endosomes or the ER (supplemental Fig. S2B ).
Having confirmed that the overexpressed proteins localize as reported in previous studies, we cotransfected TPC1.mCherry and TPC2.HA and performed immunofluorescence staining for HA-tagged TPC2 (Fig. 2) to determine whether both TPCs co-localize. The degree of co-localization between TPC1.mCherry and TPC2.HA varied between cells, but we always found some overlap of the two TPCs. To indicate this variability, we show examples of cells with a high and low degree of co-localization in Fig. 2 (A and B, respectively) . The TPC localization was vesicular and not reticular, indicating that the co-localization occurs in vesicles rather than by retention of proteins in the ER. Repeating the experiments with the alternatively tagged proteins (TPC1.HA and TPC2.mCherry) gave similar results (supplemental Fig. S3 ). Having found evidence of TPC1 and TPC2 expression on the same vesicles, we decided to investigate whether they are in close enough proximity to form a heteromeric channel.
Do TPC1 and TPC2 Form Complexes, as Detected by FRET?-FRET signals reveal proximal proteins (Ͻ10 nm apart). Using
FRET constructs carrying the CFP and YFP tags either at the same end or on opposite ends, we investigated whether TPCs form multimers in a rotational/head-to-tail symmetry (interaction of the N terminus of one channel with the C terminus of the other channel) or whether the assembly is non-rotational (exclusive interaction of either the N or C terminus).
For this, we used TPC1 and TPC2 FRET constructs with a fluorescent tag either at the N terminus (YFP.TPC1, CFP.TPC2, and YFP.TPC2) or at the C terminus (TPC1.CFP, TPC1.YFP, TPC2.CFP, and TPC2.YFP). Control experiments showed that all FRET constructs were expressed at their expected molecular weight (supplemental Fig. S4A ) and showed the expected co-localization with LysoTracker Red, a marker for acidic organelles (supplemental Fig. S4, B and C) .
To confirm the finding that TPC1 forms homomers, we coexpressed different combinations of the TPC1 FRET constructs and found a positive FRET ratio when the fluorescent proteins were expressed at opposite ends (YFP.TPC1 and TPC1.CFP) (Fig. 2C) . In contrast, with the fluorescent tag at the C termini of both proteins (TPC1.CFP and TPC1.YFP) (Fig. 2C) , we found a significantly smaller (negligible) FRET ratio. These findings indicate that TPC1 can form homomers with a rotational symmetry. Similar results were obtained with TPC2 (Fig. 2D) , which also showed substantially larger FRET ratios when the fluorescent tags were expressed at the opposite ends of the proteins, again indicating a rotational symmetry of the TPC2 homomers.
To confirm the formation of TPC1 and TPC2 heteromers, as determined by the co-IP analysis, we coexpressed the TPC1 and TPC2 FRET constructs in all possible combinations (Fig. 2E) . As only a small fraction of TPC1 and TPC2 actually coexpressed on the same vesicles, we did not expect high FRET values. Fig. 2E shows the considerable variability in the FRET signals observed. The highest FRET ratio was once more observed when the constructs were tagged at opposite ends (TPC2.CFP and YFP.TPC1), supporting the theory that TPC heteromers are also formed with a rotational symmetry. One explanation for this particular combination of constructs giving the highest FRET value is that this TPC1 construct (YFP.TPC1) showed the best co-localization with LysoTracker Red (supplemental Fig. S4 ), thus being more capable of forming heteromers with TPC2 than the other two TPC1 constructs.
The FRET experiments not only confirmed the presence of TPC homo-and heteromers but also suggested that this interaction occurs in a rotational/head-to-tail symmetry for both the homo-and heteromers.
DISCUSSION
Heteromultimerization of ion channels yields modulated channel functions, subcellular localization, and biophysical properties, resulting in a larger repertoire of differentially regulated and differently behaving channels compared with homomeric channels (13, 16) . For example, ryanodine receptor heterotetramers show an altered conductance state, with a behavior intermediate to those of the homomeric channels, and an altered Ca 2ϩ selectivity (24) . Within heteromeric inositol 1,4,5-trisphosphate receptor complexes, each subunit individually contributes to the overall receptor ligand affinity (25) (26) (27) (28) . Predictions based on the sequence homology between TPCs and VGCCs suggested dimerization of TPCs when TPC1 was first cloned, and their relationships with TRP and CatSper channels further support this prediction (4, 8, 15) .
In this study, we used different approaches to investigate the multimerization of human TPCs and have shown for the first time that they are capable of forming both homo-and heteromers. The only previous study to investigate multimerization of TPCs found homomers of mouse TPC2 when they were overexpressed in HEK cells, but there was no evidence for the presence of heteromers (3) . Here, we present the first evidence of TPC1 being able to form homomers, and we report for the first time the existence of TPC1 and TPC2 heteromers. Formation of heteromeric TPC complexes was previously considered unlikely, as TPC1 and TPC2 show distinct localization patterns (1, 2) . However, using immunofluorescence, we found evidence of both proteins on the same vesicle.
Both the co-IP and FRET experiments showed the presence of TPC heteromers. The FRET values for the heteromers were lower than those for the homomers (Fig. 2) ; this is consistent with the smaller number of vesicles on which FRET between TPC1 and TPC2 can potentially occur.
The endolysosomal-based TRP family members, the mucolipins (TRPML1-3) (29 -31) , show distinct organellar localization patterns, yet heteromeric as well as homomeric assemblies have been reported (17, (33) (34) (35) (36) (37) . Functionally this is important since heteromers of TRPML1/TRPML3 are important for the induction of autophagy (18) . This shows that channels localized on different compartments of the endolysosomal system are capable of forming dynamic interactions in vivo (17, 18, 36) and that heterodimerization affects channel function.
We propose a similar dynamic interaction for TPC1 and TPC2, with TPC1 localized on a wider range of vesicles. Fusion of vesicles carrying TPC1 and TPC2 could lead to the formation of a hybrid organelle. The probable altered channel characteristics of the resulting TPC heteromers might be important for further fusion events in the endocytic pathway, which has been shown to be tightly regulated by Ca 2ϩ (39, 40) . Overexpression of human TPC2, as well as of sea urchin TPC1 and TPC2, results in the formation of enlarged lysosomes (7), typical of many lysosomal storage disorders. The NAADP receptor antagonist Ned-19 (41) not only can reverse that phenotype but can cause defects in basal endolysosomal trafficking events, suggesting that NAADP and TPCs are important for the endolysosomal function (7) . A link between NAADP and the induction of autophagy has also been proposed in cultured astrocytes (42) , raising the possibility that, like TRPML channels, the heteromerization of TPCs is important for autophagy. Whether stimulation of cells with agonists causing NAADP synthesis might affect the heteromerization of the channels remains to be determined.
Heteromerization of TPCs could also explain the dominantnegative effects found in studies using sea urchin TPC3 (7) or mutant forms of TPCs (2, 43, 44) . Assuming the inhibitory channel forms a complex with the endogenous TPCs, the presence of one nonfunctional TPC seems to inhibit NAADP responses of the channel complex. This could be a way of turning off the channel activity or modulating the channel function.
We also studied whether multimerization of the channels occurs in a rotational (head-to-tail) symmetry or whether the interaction involves exclusively the interaction of either N-or C-terminal tails in a non-rotational symmetry. As both the N and C termini of TPCs face the cytosol (5, 45) , FRET studies with N-and C-terminal fluorescent tags are possible. In contrast to other ion channels, TPCs have relatively short N-and C-terminal tails (TPC1 N terminus, 105 amino acids; TPC1 C terminus, 126 amino acids; TPC2 N terminus, 80 amino acids; TPC2 C terminus, 54 amino acids), and by comparison with VGCCs, we assume the footprint area of TPCs to be in the range of 10 ϫ 20 nm (46, 47) . Therefore, it is unlikely that these tails can interact randomly (which could lead to positive FRET signals regardless of orientation). This assumption was validated by the absence of a FRET signal for homomers in non-rotational symmetry. Preferential interaction in rotational symmetry has been shown for various channels (32, 38) , including many of the closely related TRP channels (48 -50) . The finding that a large number of channels interact in a rotational symmetry is consistent with the results of our FRET study, in which TPCs gave FRET signals when the fluorescent tags were on opposite ends of the two subunits.
Our results show that human TPC1 and TPC2 are able to form both homo-and heteromers. Because of the highly mobile nature of the endolysosomal system and its dependence on Ca 2ϩ for fusion events, we propose that these channel complexes have different Ca 2ϩ -signaling properties and different functions for fusion events in the endolysosomal system.
